NGC 4869 in the Coma cluster: twist, wrap, overlap and bend by Lal, Dharam V.
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ABSTRACT
The upgraded Giant Metrewave Radio Telescope (GMRT) has been used to image the head-tail
radio galaxy NGC4869 in the Coma cluster with an angular resolution of 6.′′26 at 250–500 MHz and
2.′′18 at the 1050–1450 MHz bands. The archival legacy GMRT data have also been used to image the
source with angular resolutions from 4.′′9 to 21.′′8 at 610 MHz, 325 MHz, 240 MHz, and 150 MHz. We
find that the ∼200 kpc scale radio morphology consists of five distinct regions with the clear presence
of a pinch at ≈1.′4 (= 38.8 kpc) and a ridge at ≈3.′4 (= 94.2 kpc) from the head. The sharp bend
by ∼70◦ at ∼3.′5 (= 97 kpc) from the head is possibly due to projection effects. The radio spectra
show progressive spectral steepening as a function of distance from the head and there is possibly
re-acceleration of the synchrotron electrons and perhaps also magnetic field re-generation in the 6′′–
208′′ (= 2.8–96.1 kpc) region of the jet. We report a steep spectrum sheath layer enveloping a flat
spectrum spine, hinting at a transverse velocity structure with a fast-moving spine surrounded by a
slow-moving sheath layer. We also derive the lifetimes of the radiating electrons and equipartition
parameters. A plausible explanation for the characteristic feature, a ridge of emission perpendicular
to the direction of tail is the flaring of a straight, collimated radio jet as it crosses a surface brightness
edge due to Kelvin-Helmholtz instabilities.
Subject headings: Extragalactic radio sources (508); Radio sources (1358); Tailed radio galaxies (1682);
Coma Cluster (270); Intracluster medium (858); Spectral index (1553); X-ray active
galactic nuclei (2035); Active galactic nuclei (16); Radio jets (1347)
1. INTRODUCTION
Complex, unusual structures in radio sources are often
associated with several events in which radio-emitting
blobs of plasma have been created; for example, when the
radio galaxy is moving through the intracluster medium
(ICM), as is the case with the head-tail radio sources, a
history of activity is traced in the tail of radio-emitting
plasma left behind the parent host galaxy. Within this
picture, therefore, tailed sources are viewed as trails or
fossil records deposited by active galaxies. These sources
are found in both poor groups and rich clusters of galax-
ies and their radio morphologies are due to the inter-
action of the radio-emitting plasma with the ambient
gas (Missaglia et al. 2019; Terni de Gregory et al. 2017;
Dehghan et al. 2014).
Chandra’s high angular resolution has enabled us to
study interesting hydrodynamic phenomena in clusters,
e.g., bow shocks driven by the infalling subclusters,
cold fronts, or sharp contact discontinuities between re-
gions of gas with different densities and temperatures.
The cold fronts seen as surface brightness edges in X-
ray images are caused by the motion of cool, dense
gas clouds in the ambient gas, which are either rem-
nants of the infalling subclusters or the displaced gas
from the cluster’s own cores (Markevitch & Vikhlinin
2007). Hence, radio and X-ray observations of clus-
ters of galaxies present the interplay between the radio
galaxies along with the extended radio structures and
the ICM. Several important effects of the central radio
source on the thermal state of a cluster have been pre-
dicted. One such effect is the Kelvin-Helmholtz insta-
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bility, which is likely to develop at a boundary, e.g. the
surface brightness edge, and a straight, collimated radio
jet of the moving radio galaxy apparently flares up when
it crosses the edge (Rosen & Hardee 2000; Loken et al.
1995; Livio, Regev & Shaviv 1980). Therefore, very fast,
low density, radio jets can remain coherent as they prop-
agate to a few hundred times the jet radii, and as
they encounter an X-ray surface brightness edge, they
inflate and can be strongly over-pressured relative to
the external medium (e.g., NGC 6251; Evans et al. 2005;
Hardcastle et al. 2002).
The prototype, the Coma cluster of galaxies is optically
dominated by two giant elliptical galaxies, NGC4874,
the brightest cluster galaxy, and NGC4869 (z = 0.02288;
Smith et al. 2004). The tailed radio source associated
with NGC4869 lies near the Coma cluster center, at ∼4′
(= 111 kpc) from NGC4874 and is completely embed-
ded within the diffuse radio halo source, together called
as Coma-C (Willson 1970). The source was mapped
with the Very Large Array and the extended structure
was reported by Feretti et al. (1990) and Dallacasa et al.
(1989).
In this work, the second paper in the series–new low-
frequency upgraded Giant Metrewave Radio Telescope
(uGMRT) observations are presented in the first paper
(Lal 2020, submitted)–results for the bent head-tail ra-
dio source, NGC4869 are presented. We discuss the de-
tailed radio source morphology and the unique spectral
structure, and investigate the effect of Kelvin-Helmholtz
instability using the hydrodynamic phenomena in the lo-
cal X-ray environment with Chandra data. The paper
is organized as follows. Our data are summarized in
Sec. 2, followed by a description of the source morphol-
ogy (Sec. 3.1), spectral structure (Sec. 3.2), and its local
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TABLE 1
The observations
Band Obs. ID Obs. Date ν ∆ν tint. FWHM rms
(MHz) (MHz) (hour) (′′×′′,◦) (µJy beam−1)
(1) (2) (3) (4) (5) (6) (7) (8)
(legacy) GMRT
150 MHz 18 022 2010 Apr 19 147 6 2.3 13.08×10.32, 46.88 908.6
240 MHz 09TCA01 2006 Feb 06 240 8 2.5 11.81×9.87, 51.00 264.1
325 MHz 09TCA01 2006 Feb 11 333 16 2.6 8.76×7.24, 59.99 44.2
610 MHz 09TCA01 2006 Feb 05 618 16 2.5 5.41×4.46, 70.63 18.4
uGMRT
250–500 MHz ddtB270 2017 Apr 28 400 200 1.8 6.65×5.90, 76.39 21.1
1050–1450 MHz ddtB270 2017 Apr 26 1250 400 1.5 2.43×1.95, 69.51 12.7
Note. — Column 7: The position angle (P.A.) is measured from north and counterclockwise.
Column 8: rms noise at the half power point; see also Sec 3.1 and Lal (2020, submitted) for a discussion.
hot gas environment (Sec. 3.3). In Sec. 4, we examine
the source structure, jet bending conditions along with
physical conditions within the tail, and discuss the role
of Kelvin-Helmholtz instability at the interface between
two gas media which are at different densities and tem-
peratures. Sec. 5 summarizes our conclusions.
Throughout this paper, we adopted a ΛCDM cosmol-
ogy with H0 = 70 km s
−1 Mpc−1, Ωm = 0.27, and ΩΛ
= 0.73. At the redshift of the NGC4869, 1 arcsec cor-
responds to 462 pc at the luminosity distance of 99.8
Mpc. We define the spectral index, α, as Sν ∝ ν
α, where
Sν is the flux density at the frequency, ν. Throughout
positions are given in J2000 coordinates.
2. RADIO AND X-RAY DATA
The GMRT (Swarup et al. 1991) has been upgraded
with a completely new set of receivers at frequencies,
< 1.5 GHz. The uGMRT now has (nearly) seam-
less frequency coverage in the 0.050–1.50 GHz range
(Gupta et al. 2017).
Although the Coma cluster is among the best-studied
rich cluster at low frequencies (< 1 GHz), much remains
to be explored; however, because of the difficulties en-
countered with ionospheric refraction and terrestrial ra-
dio frequency interference. It was re-observed in 2017
with the uGMRT at band-3, a 250–500 MHz band and
band-5, a 1050–1450 MHz band, because of much im-
proved sensitivity (Lal 2020, submitted). The archival
data and the new observations are detailed in observa-
tions log (Table 1). Both the archival GMRT data and
the new uGMRT data were analyzed in aips and casa,
using standard imaging procedures (see also Lal & Rao
2004; Lal 2020, submitted). Briefly, the flux density cal-
ibrator, 3C286 was also used as the secondary phase
calibrator during the observations. We used 3C286 to
correct for the bandpass shape and to set the flux den-
sity scale (Perley & Butler 2017). Bad data and data
affected due to radio frequency interference were identi-
fied and flagged. Next the central channels were aver-
aged to reduce data volume, taking care to avoid band-
width smearing and the visibilities were imaged using
the tclean task in casa. We used 3D imaging (grid-
der = ‘widefield’), two Taylor coefficients (nterms = 2),
and Briggs weighting (robust = 0.5) in the task tclean.
Several repeated steps of self-calibration, flagging, and
imaging were performed to obtain the final image, and
the final image was corrected for the primary beam shape
of the GMRT antennas. The error in the estimated flux
density, both due to calibration and due to systematics,
is .5%.
2.1. Chandra data
The Coma cluster has been observed a multiple number
of times with Chandra. We used only two observations
made in 2012 March, AO-13 and AO-14, which observed
NGC4869 giving a total observation time of ∼115 ks.
The Chandra observations used are listed here by Obs.
IDs 13994 and 14411. These archival data sets were re-
duced using ciao 4.7 with the most up-to-date gain and
efficiency calibrations as of that release using the stan-
dard pipeline of ciao. The standard screening, good
time intervals, removal of bad pixels, and grade filtering
were applied. The event data were projected to a com-
mon reference point and merged to create images. All
imaging analyses were performed on the combined data
set for comparison with our high-sensitivity radio im-
age. Background-subtracted, exposure-corrected images,
using (i) the native resolution of the Chandra CCDs,
(ii) 4 × 4 pixel binning, and (iii) 8 × 8 pixel binning
were created in four (soft: 0.5–1.2 keV, medium: 1.2–
2.0 keV, hard: 2.0–7.0 keV, and broad: 0.5–7.0 keV)
energy bands. The soft energy band image at 8 × 8
pixel binning (nearly) matches the angular resolutions
of our uGMRT 250–500 MHz band and 1050–1450 MHz
band images. It also showed sufficient contrast in the lo-
cal hot gas environment where the head-tail radio galaxy
NGC4869 resides in the Coma cluster. Hence, we used
this soft energy band X-ray image for our further anal-
yses, included to make detailed comparisons with our
uGMRT images.
NGC4869 is at the edge of the field of view in two
Chandra pointings and we are interested in relative prop-
erties of two regions of interest, which encompass this
tailed radio source (see Sec. 4.1). The point sources
and the central AGN were excised from the data, and
the source, background spectra, and the response files
were made separately for each Chandra observation us-
ing the specextract task in ciao. We then coadded
the spectra and averaged the response files for each re-
gion. The data was binned to 10 counts per bin, fit-
ted with xspec (v12.10.1, Arnaud 1996) using isother-
mal apec model, and we determined a single tempera-
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Fig. 1.— Image of NGC4869 at the 250–500 MHz band (upper-panel) and 1050–1450 MHz band (lower panel) of the uGMRT. The
double lobed radio emission from NGC4874, the brightest cluster galaxy of the Coma cluster, is shown in the northeast corner of the
image (R.A.: 12:59:35.71, Dec.: +27:57:33.37; Sun et al. 2005). The center frequency is 400 MHz and 1250 MHz at the two bands. The
synthesized beams are 6.′′65 × 5.′′90 at a P.A. of 76.◦39 and 2.′′43 × 1.′′95 at a P.A. of 69.◦51, and the rms noise values are 21.1 µJy beam−1
and 12.7 µJy beam−1 at the half-power points at the 250–500 MHz and 1050–1450 MHz bands, respectively. The lowest radio contour
plotted is three times the local rms noise and increasing by a factors of 2. The color bar shows the surface brightness, in mJy beam−1.
The local rms noise and continuum peak surface brightness of the source are denoted in each panel (lower left corner). Note that the first
two surface brightness contours are not displayed for NGC4874 to show the detailed morphology of the head-tail radio source NGC4869.
The inset illustrates four distinct regions, pinch (marked with arrows), and widening and narrowing of the radio tail (see also Sec. 3.1).
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Fig. 2.— Gallery of four radio images at 150 MHz (top left), 240 MHz (top right), 325 MHz (bottom left), and 610 MHz (bottom right)
using the archival legacy GMRT data. The synthesized beams and the the rms noise values at the half power points are tabulated in
Table 1, column 7 and column 8, respectively. Here again, the lowest radio contour plotted is three times the local rms noise and increasing
by factors of 2, and the local rms noise and continuum peak surface brightness of the source are denoted in each panel (lower left corner).
The color bar shows the surface brightness, in mJy beam−1.
ture in the 0.5–5.0 keV energy range within the region
of interest. The absorption column density was set to
the Galactic foreground value, NH = 0.9 × 10
20 cm−2
(Dickey & Lockman 1990), the abundances fixed at 0.5
× solar (Vikhlinin et al. 2001) with solar abundance ra-
tios of Grevesse & Sauval (1998), and the temperature
was free to vary. The χ2 values (fit statistics at 90%
confidence limits) are 298.2 and 256.4 for 305 degrees of
freedom in the two regions of interest.
3. RESULTS
3.1. Radio images
The large-scale (∼200 kpc) radio morphology of
NGC4869 at the 250–500 MHz band and 1050–1450
MHz band of the uGMRT is shown in Figure 1. The
images have rms noise values of 21.1 µJy beam−1 and
12.7 µJy beam−1 at the half-power points and the dy-
namic ranges of ≈ 5300 and ≈ 1700, respectively. A
gallery of four radio images at 150 MHz, 240 MHz, 325
MHz, and 610 MHz using the archival legacy GMRT data
is shown in Figure 2. The rms noise values and dy-
namic ranges in archival legacy images are in the ranges
18.4–908.6 µJy beam−1 and 90–600, respectively. The
rms noise is a factor of ≈2 higher close to the phase
center where two dominant and extended radio sources,
NGC4874, the bright cluster galaxy, and NGC4869 are
present. We thus also quote the local rms noise values
in both Figure 1 and Figure 2 (lower-left corner) in all
radio images.
These high resolutions and high-sensitivity images
show the detailed structure of the radio core, the col-
limated radio jet, and the tail of NGC 4869. The struc-
ture is typical of a head-tail radio source: a weak core,
two oppositely directed radio jets, and a long, low surface
brightness tail. The tail, which consists of radio-emitting
plasma left behind from the galaxy motion, begins after
sharp bends in the radio jet. The low surface brightness,
diffuse radio tail after ∼210′′ (= 97.0 kpc) is resolved out
in our 2.′′18 image at the 1050–1450 MHz band. Close
inspection of the outer isophotes of the 250–500 MHz
band and the 1050–1450 MHz band images show that
the tailed jet can be divided into five regions as follows.
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(i) Head (0–6′′ = 0–2.8 kpc): an unresolved radio
head. The two oppositely directed radio jets em-
anating from the apex of the host galaxy, ini-
tially traverse toward northeast and southwest di-
rections.
(ii) Inner (6′′–40′′ = 2.8–18.5 kpc): a conical shaped
feature centered on the nucleus. As the galaxy
plows through the dense intracluster gas, these jets
traversing in opposite directions form a trail, after
sharp bends in the jets, behind the host galaxy due
to interaction with the ICM.
(iii) Intermediate (40′′–106′′ = 18.5–49.0 kpc): a re-
gion in which the jet initially expands much more
rapidly and then recollimates. A pinch at ≈1.′4 (=
38.8 kpc) is present, which was also reported by
Feretti et al. (1990).
(iv) Outer-flaring (106′′–208′′ = 49.0–96.1 kpc): a sec-
ond region of expansion.
(v) Bent-tail (208′′–312′′ = 96.1–144.1 kpc) and be-
yond: a feature seen after the jet has flared and
bent toward the north. There is a clear presence of
a ridge at ≈3.′4 (= 94.2 kpc) of radio emission per-
pendicular to the direction of the tail at the flaring
point. The radio jet in this region is inclined by
∼70◦ with respect to the radio-tail direction.
The low-frequency (ν < 1.0 GHz) legacy GMRT im-
ages (Figure 2) also show clear presence of these five re-
gions. The tail at the beginning has a width of ∼6′′ (=
2.8 kpc). It has a constant transverse size of ∼16′′ (=
7.4 kpc) at the beginning of the inner region and becomes
a factor of two larger close to the pinch, located at ≈1.′4
(= 38.8 kpc) from the head. The radio jet widens and
narrows several times in the tail, which continues into the
outer flaring region and the radio jet has become weaker.
The bent tail, which reaches out to 6′ (= 166.3 kpc) and
more has nearly an average size of ∼26′′ (= 12.0 kpc).
The transverse size of the radio tail is smallest at the
pinch, which is seen clearly in 240MHz, 610MHz, and
1050–1450 MHz band images and is the largest at the
ridge, which is seen in 150 MHz, 250–500 MHz, and 325
MHz band images.
The center ridge line of the radio jet shows the signa-
ture of oscillations in the jet and all along in the low sur-
face brightness structures in all of our radio images (Fig-
ures 1 and 2), which was reported earlier by Feretti et al.
(1990) and was seen in the tails of 3C129 (Lal & Rao
2004) as well. The images also show the presence of dif-
fuse extensions toward NGC4874 (inner edge) and sharp-
ness in surface brightness on to the outer edge.
3.2. Radio spectra
The low-frequency data, from both the uGMRT and
the legacy GMRT, allow us to derive source spectra at
different locations. Figure 3 shows the in-band radio
spectral index image between 300 MHz and 500 MHz
using 250–500 MHz band data (upper-panel), and the
transverse spectra at three different regions for each of
the three different locations, 60′′ (= 27.7 kpc), 90′′ (=
41.6 kpc) and 150′′ (= 63.9 kpc) from the head (lower
panel). Figure 4 shows the radio spectra at increasing
distance from the host galaxy using matched angular res-
olution radio images at 150 MHz, 240 MHz, 325 MHz,
and 610 MHz.
The upper panel of Figure 3 shows progressive spec-
tral steepening as a function of distance from the head.
The spectral indices close to the head and at the end
of the outer flaring region are −0.66 ±0.04 and −1.32
±0.08, respectively. Besides, there is a clear presence
of two component spectral indices in the inner, the in-
termediate, and the outer flaring regions, i.e., there is a
clear presence of a spine and an enveloping sheath layer,
which have different spectra. The transverse-cut spectra
(Figure 3, lower panel) show that the spectrum of the
enveloping sheath (upper and lower) is relatively steeper
than the spine. As we progress to larger and larger dis-
tances, i.e. from head to ≈1.′5 (= 41.6 kpc), the spectra
of the sheath layer and the spine steepens due to syn-
chrotron cooling, but at a given distance from the head,
the sheath layer has relatively steeper spectral index as
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Fig. 3.— In-band spectral index image showing spectra using
250–500 MHz band data of uGMRT, between 300 MHz and 500
MHz (upper panel). The total intensity surface brightness contour
is at 0.11 mJy beam−1 from the 300–500 MHz radio image (Fig-
ure 1). The lower panel shows the spectra at three regions along
three vertical cuts, at 60′′ (= 27.7 kpc), 90′′ (= 41.6 kpc) and 150′′
(= 69.3 kpc) from the radio head. The distances on the horizontal
axis are the distances from the radio jet ridge line to the region
at the upper edge (left) and at the lower edge (right) of the radio
jet, where the spectra are determined. The error bars are based
on local rms noise as evaluated in a circle of 2 arcmin diameter
centered on these regions. The locations of these three vertical
cuts (white dashed lines) are overlaid, corresponding to the spec-
tra shown in the lower panel figure, in the in-band spectral index
image. The three spectra are shifted (spectra at 60′′, 90′′ and 150′′
cuts are shifted by 0.00, −0.18 and −0.06, respectively) to match
the spectra at center jet ridge line to show comparisons.
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Fig. 4.— The plot shows the radio spectra between 150 MHz and
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(blue lower triangles). The locations of the pinch and the ridge are
shown as vertical lines.
compared to the spine. Once the radio jet flares and is
bent, the bent tail and beyond region, this effect dimin-
ishes and eventually is indistinguishable.
Figure 4 shows that the radio spectra at 150–240 MHz
and at 325–610 MHz as a function of distance from the
head obtained using matched angular resolution images
at these frequencies. The spectrum at 325–610 MHz de-
clines linearly with distance from the radio head (from
−0.62 ±0.03 and −0.77 ±0.04) up to ∼60′′ (= 27.7 kpc),
whereas the spectrum at 150–240 MHz does not. Just af-
ter the location of the pinch, ∼106′′ (= 49.0 kpc) where
the intermediate region ends and the outer flaring region
 
5"
2.3 kpc
Fig. 5.— 2MASS, J , H, and Ks band, composite galaxy im-
age. The surface brightness contours are displayed from the high-
resolution 1050–1450 MHz radio image and the lowest radio con-
tour plotted is three times the local rms noise and increasing by a
factor of 2, as shown in Figure 1. The optical image is 1.15 × 1.15
arcmin2 in size.
Fig. 6.— Background-subtracted and exposure-corrected Chan-
dra image at ∼4′′ angular resolution in the soft (0.5–1.2 keV)
energy band. The color bar shows the surface brightness, in
counts s−1 per 8 × 8 pixel binning. The set of red-arrows marks
the location of onset of flaring, i.e., the surface brightness edge.
The light-green and red surface brightness contours are displayed
using 250–500 MHz band and 1050–1450 MHz band uGMRT im-
ages, respectively. Also shown are the two sectors on either side
of the X-ray surface brightness edge that were used for the surface
brightness and temperature measurements.
begins, there is a dip in spectra showing spectral steep-
ening. There on, with increasing distance from the head,
the radio spectrum shows more steepening over a wide
range of frequencies. Furthermore, the best fitting re-
gressions to our small range, 150–610 MHz data in the
inner, intermediate, and outer flaring regions, show that
the high-frequency (325–610 MHz) spectra are flatter
than the low-frequency (150–240 MHz) spectra and there
on they are indistinguishable. Quantitatively, the high-
frequency (325–610 MHz) spectra changes from −0.60
±0.03 to −1.18 ±0.10 and the low-frequency (150–240
MHz) spectra changes from −0.70 ±0.02 to −1.14 ±0.10.
Whereas, in the bent tail and beyond region, the two
spectra are indistinguishable. Finally, our observed radio
spectra at different locations along the radio tail suggest
a decrease in the flux density per unit length, but there
are no such decrease, e.g., in the inner, the intermediate,
and the outer flaring regions in our uGMRT and legacy
GMRT images (see Figures 1 and 2).
3.3. Optical and X-ray images
Figure 5 shows a Two Micron All Sky Survey (2MASS)
optical J , H , and Ks band composite image. Overlaid
on the optical image are the surface brightness contours
from high-resolution, 1050–1450 MHz band image. The
interplay of optical and radio images show that the colli-
mated radio jet expands from 6′′ (= 2.8 kpc) width to 16′′
(= 7.4 kpc) width (transverse size) just outside the tran-
sition between the interstellar medium (ISM) of the host
galaxy and hot cluster gas (Vikhlinin et al. 2001), an ef-
fect also seen in NGC6109 Rawes, Birkinshaw & Worrall
(2018).
Figure 6 shows a Chandra X-ray image at ∼4′′ an-
gular resolution in the soft (0.5–1.2 keV) energy band.
Overlaid on the X-ray image are the surface brightness
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contours using the 250–500 MHz band image (light-green
contours) and the 1050–1450 MHz band image (red con-
tours). The set of red arrows along with an arc marks
the presence of a surface brightness edge. The ridge of
radio emission perpendicular to the direction of the tail
coincides with this surface brightness edge. The radio
surface brightness of the collimated jet decreases as soon
as the jet crosses the surface brightness edge, which is
resolved out in our high-resolution 1050–1450 MHz band
image.
4. DISCUSSION
The head-tail radio sources are characterized by a
highly elongated radio structure. In the case of
NGC4869, the source morphology strongly suggests a
radio trail, a typical model for head-tail radio sources
(Jaffe & Perola 1973). The two radio jets emanating
from the apex of the host galaxy initially traverse along
the northeast and southwest as is seen in the head re-
gion. Further on, in the inner region, as the galaxy plows
through the dense intracluster gas, these jets traversing
in opposite directions form a trail behind the host galaxy
due to interaction with the ICM forming a conical shaped
feature centered on the nucleus. The pinch in the inter-
mediate region is possibly due to (i) changes of the exter-
nal conditions, or (ii) variations in the nuclear activity,
or (iii) the overlap, twist, and wrap of the two tails of the
source along with the projection effects. The tail after
the pinch is likely to be at rest with respect to the am-
bient hot gas (Feretti et al. 1990), because the tail con-
sists of blobs of plasma left behind from the moving host
galaxy. But it is unlikely to be in pressure equilibrium
with the local X-ray hot gas environment because it does
not show a constant width; instead, there is an expansion
taking place along with the mixing/twist of the two tails
of the source. This twist of two trailing radio jets seen in
the intermediate and outer flaring regions is causing the
widening and narrowing several times in the radio tail
seen in radio images (see Figures 1 and 2). This further
argues that the jets are not disrupted even at the bend,
instead a continuous bulk flow of blobs of plasma mate-
rial is still present. The projection effects too are impor-
tant, since the host galaxy velocity does not seem to be
perpendicular to the projected radio jets (Feretti et al.
1990). The radio spectrum shows progressive steepening
with increasing distance from head, because the radio-
emitting synchrotron electrons are expected to be of the
older population at greater distances from the head. This
variation of the spectrum with distance presents the evo-
lution of radio source under the effects of radiation losses.
There is an absence of a decrease in the flux density
per unit length in the 6′′–208′′ (= 2.8–96.1 kpc) region,
which suggests that the re-acceleration of the radiating
electrons and perhaps also the magnetic field regener-
ation is possibly occurring within the jet (e.g., Centau-
rusA; The H.E.S.S. Collaboration 2020). The diffuse ex-
tensions toward NGC4874 (inner edge) and sharpness in
surface brightness on to the outer edge along with the
curvature of the tail of NGC4869 suggests a closed orbit
around the dark matter potential. It is not, however pos-
sible to estimate the cluster mass needed to produce the
observed curved radio structure and bent trajectory on
kiloparsec scales extending away from the active galactic
nuclei (AGN). This is because we lack knowledge of both
the tangential velocities and the complete orbits, and
the trail of NGC4869. The latter, the trail has the form
of an overlap, twist, and wrap of the two tails, which
could reflect the rotation of the region of the galaxy
that is ejecting radio-emitting blobs of plasma (see also
Gendron-Marsolais et al. 2020).
More scrutiny of the properties of NGC4869, however,
reveals a difficulty in this simple radio trail model. The
problem centers around the end of the outer flaring region
and beginning of bent tail region, where (i) the jet bends
by ∼70◦ with respect to initial radio-tail direction and
(ii) there is a clear presence of a ridge, flaring of the
jet, perpendicular to the propagation of the radio jet, an
aspect we discuss below.
4.1. Interaction of radio tail with the surrounding
material
The jets in FR I radio galaxies decelerate by picking up
the matter, i.e., the entrainment across the jet boundary
(Bicknell 1984, 1986; de Young 1996). This is because
the edge of the jet or the sheath layer is traveling about
30% more slowly than the center, or the spine of the jet
(Laing & Bridle 2002a,b), suggesting evidence of an in-
teraction between the radio jet and the external medium.
Laing & Bridle (2002b) also showed that the radio jets
decelerate by entrainment and are recollimated by the ex-
ternal pressure gradient, which is also quantitatively in
agreement with the typical velocity field for external gas
parameters derived from Chandra measurements, (e.g.,
FR I radio galaxy 3C 31; Hardcastle et al. 2002). The
emission line data for several 3CRR radio galaxies im-
ply masses of 107 M⊙ in the line emitting gases. If a large
part of this gas is entrained, then a radio jet could accom-
plish this in 106–107 yr (de Young 1986). The entrained
mass of ∼108 M⊙ or more is expected for NGC4869,
with a radio tail of radius ∼1 kpc, velocities around
1000 km s−1 during the ≃108 yr lifetime of the radio
jet. Therefore, in NGC4869, it is clear that a bound-
ary layer must form due to entrainment, which transfers
momentum to the ambient gas. The radio spectra, pre-
sented in Sec. 3.2 show that the enveloping sheath is of
steeper spectra than the spine, which we suggest is due
to the entrained material from the ICM. As we progress
to larger and larger distances from the head, the sheath
layer has entrained more and more thermal gas mate-
rial and becomes steeper and steeper as compared to the
spine at a given location in the radio tail.
The surface brightness edge (Figure 6), where the sud-
den transition occurs or the jet abruptly flares represents
the onset of turbulence (Bicknell 1984) or, in other words,
the point at which Kelvin-Helmholtz instabilities start
to grow nonlinearly (Rosen & Hardee 2000; Loken et al.
1995). The instability under consideration is instability
of the boundary, also called the surface brightness edge
between the two gas media, which are at different densi-
ties and temperatures. Both the boundary between the
ISM of the moving galaxy and the surrounding ICM, and
the surface brightness edge seen in the hot gas media ex-
hibit a large drag to the propagating, straight, collimated
radio jet causing it to flare. In the former, the size of the
ISM is small (∼5.5 kpc, NGC4869) and the amount of
ISM in the galaxy is also small (Vikhlinin et al. 2001).
Its effect is stripping of gas in the ISM due to the
motion of the host galaxy (McBride & McCourt 2014;
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Fig. 7.— Plot of the radial surface brightness (upper panel), and
the gas density and the temperature (lower panel). The error bars
are at 90% confidence intervals.
Livio, Regev & Shaviv 1980). Whereas in the latter, jets
crossing density edges can become partially disrupted
and they inflate as a consequence of interactions be-
tween an AGN and its surrounding medium (e.g., 3C449;
Lal et al. 2013).
The central AGNs can have significant impacts
on the small ISM of the host galaxy through
its jets, especially in outbursts (e.g., NGC6109;
Rawes, Birkinshaw & Worrall 2018). The jet power,
which is distributed in relativistic electrons, heavier par-
ticles, and the magnetic field, is known to be much
larger than the radio luminosity of the source. Follow-
ing Sun, Jerius & Jones (2005), we estimate the kinetic
power of jets as ≃1043 ergs s−1. The (minimum) energy
in the magnetic field (see also Sec. 4.2) is only 10%−25%
of the kinetic power and the AGN has been active for
>108 yr. Therefore, the total jet power over the active
phase of the nucleus is at least &1000 times the thermal
energy in the ISM. In other words, the jets carry large
amounts of energy without dissipation through the small
ISM of the host galaxy. Instead, as reported in Sec 3.1, in
the inner region, a cone shaped feature expands to form
a jet of ∼16′′ (= 7.4 kpc) width (transverse size) as they
leave the small ISM of the host galaxy into the cluster at-
mosphere, possibly because of the change in the external
pressure. Fortunately, the host galaxy retains most of its
ISM and only a small fraction is stripped (e.g., NGC4848
and IC 4040 in Coma cluster; Chen et al. 2020)
Next, we focus our discussion on the latter instability,
in the outer flaring region, which we have detected in
our observations and seen in the Chandra X-ray image
(Figure 6). Observations show that the apparent pres-
sures within many jets are higher than the pressures in
the surrounding X-ray emitting gas through which they
propagate e.g., NGC6251; Evans et al. (2005) and 3C31;
Laing & Bridle (2002a,b). Additionally, the X-ray emis-
sion shows that the Coma cluster is unrelaxed and has
undergone a recent cluster merger (Arnaud et al. 2001;
Briel et al. 2001), and the surface brightness edge (see
Figure 6) seen is possibly a cold front. Hence, the pres-
sure must be continuous through the interfaces between
the two gas medias, and a density and temperature jumps
are only expected. We observed the X-ray edge, where
the surface brightness drops, and we select two regions
inside and outside this edge (see Figure 6). Since the
plasma X-ray emissivity is proportional to the square of
the gas density, the surface brightness distribution pro-
vides a direct estimate of the gas density (Johnson et al.
2010). Indeed, our surface brightness shows a discon-
tinuity at the edge, and therefore implies a discontinu-
ity, or jump, in the gas density (Figure 7, upper panel).
We model the density within the two regions, following
Johnson et al. (2010), with a power-law function and the
density measurements are ne(inside) and ne(outside) ≈
0.80 ±0.06 × 10−3 cm−3 and 0.67 ±0.06 × 10−3 cm−3,
respectively (Figure 7, lower panel). We extracted source
spectra for two regions using isothermal model, inside
and outside of the surface brightness edge encompass-
ing the source (see also Sec. 2.1 and Figure 7, lower
panel). The derived temperatures are ≈ 6.44+0.86
−0.72 keV
and 6.28+1.82
−1.34 keV for kT(inside) and kT(outside), respec-
tively. Although with large error bars, these temperature
measurements are hinting that the surface brightness
edge is possibly a cold front. They are also in reasonable
agreement with coarser measurements of Arnaud et al.
(2001, Figure 5) and Briel et al. (2001, Figure 3). Fur-
thermore, the two gas medias retain their respective ma-
terial despite the motion of the radio galaxy, and con-
versely, the radio-emitting plasma too is not immune
to stripping for every crossing of the surface brightness
edge (McBride & McCourt 2014; Sanders et al. 2013).
It, therefore, seems that the ram pressure condition in-
dicates stability against the ablation of radio emitting
plasma; in other words, the Kelvin-Helmholtz instabil-
ity will induce a flaring of the collimated radio jet. In
view of the vulnerability of the collimated jet at the loca-
tion of a surface brightness edge, we conclude the onset
of flaring, seen in several FR I radio galaxies (3C449;
Lal et al. 2013) and also seen here in the soft energy
(0.5–1.2 keV) band Chandra X-ray image (Figure 6) of
NGC4869. Our conclusion is supported by the hydrody-
namic simulations (Loken et al. 1996, 1995) of the mo-
tion of radio galaxies through the hot intracluster gas,
which shows that a Kelvin-Helmholtz instability mani-
fests itself very prominently in the form of dense and long
tongues of material at the interface between the moving
radio source and the surface brightness edge in the gas.
Finally, the jet is bent by ∼70◦ toward the north direc-
tion; since the host galaxy could not be moving perpen-
dicular to the trailing jets, the projection of the source is
a plausible explanation for this bend (also see NGC6109;
Rawes, Birkinshaw & Worrall 2018).
4.2. External density, pressure, and radiative age
The minimum energy condition corresponds almost to
the equipartition of energy between relativistic parti-
cles and the magnetic field. In order to determine the
minimum internal energy density, equipartition magnetic
energy, and pressure for several locations in the radio
source, NGC 4869, we assume the ratio of energy in the
heavier particles and the electrons is unity, the filling
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TABLE 2
Physical parameters of NGC4869
Dist. Size Umin Beq. Pmin tage
× 10−12 × 10−12 108
(′′) (kpc) (erg cm−3) (µG) (dyne cm−2) (yr)
(1) (2) (3) (4) (5) (6)
3.1 10.4 3.9 6.3 1.3 1.2
15.0 10.4 3.8 6.2 1.3 1.1
26.9 10.4 3.1 5.7 1.0 1.2
38.8 12.2 2.0 4.6 0.7 1.7
51.2 12.2 1.5 4.0 0.5 2.1
66.4 17.6 1.5 3.9 0.5 2.1
84.3 17.6 1.1 3.4 0.4 2.6
100.6 12.0 0.7 2.7 0.2 3.7
113.0 14.7 1.0 3.2 0.3 3.0
127.9 14.7 1.0 3.1 0.3 3.0
142.8 14.7 0.7 2.6 0.2 3.9
157.8 14.7 0.6 2.5 0.2 4.1
171.5 12.8 0.5 2.2 0.2 5.0
182.8 10.0 0.4 2.0 0.1 5.9
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Fig. 8.— Plot of the minimum internal non-thermal pressure as
a function of distance from head. The continuous line represents
the thermal pressure of the local X-ray gas. The error-bars of the
thermal pressure of the local X-ray gas are ≈12%.
factor of the emitting regions also unity, and the trans-
verse size of each component in the source is the path
length through the source along the line of sight, and use
the standard formulae in Miley (1980) and Pacholczyk
(1970). Next, the shape of the radio spectrum depends
on the balance between the rate of synchrotron and in-
verse Compton losses and the rate of the replenishment
of the electrons in the radiating region for the power-law
energy distribution of electrons. Following Miley (1980),
we also derive the upper limit to the ages of the syn-
chrotron electrons at several positions along the radio
tail. Table 2 gives these physical parameters, minimum
energy density, equipartition magnetic field, the pressure
exerted by the relativistic gas in the radio source, Umin,
Beq., Pmin, respectively, and radiative age, tage estimated
using 240 MHz as the break frequency at different loca-
tions along the radio tail. Figure 8 shows that the physi-
cal conditions in the source as a function of the distance
from the head change, whereas the ambient thermal pres-
sure of the ambient X-ray gas is more and (nearly) con-
stant.
5. CONCLUSIONS
In this paper, we have presented in the preceding sec-
tions details of the observations and provide a detailed
descriptions of the radio morphologies using uGMRT
and legacy GMRT data of an interesting head-tail ra-
dio source, NGC4869 in the Coma cluster of galaxies.
Our main conclusions are as follows.
(i) The high-resolution, high-sensitivity large-scale
(almost 200 kpc) structure of the NGC4869 source
is shown in Figures 1 and 2. The elliptical host
galaxy shows a weak radio core, two oppositely di-
rected radio jets, and a long–low surface brightness
tail.
(ii) The radio source can be divided into five distinct
regions: a head, conical shaped feature centered
on the nucleus, a region showing the rapid an ex-
pansion of the jet followed by collimation, another
region showing expansion of the jet, and a flared
region with a bend. Also present are pinch and
a ridge at ≈1.′4 and ≈3.′4, respectively, from the
head in addition to widening and narrowing sev-
eral times in the radio tail.
(iii) There is no increase in the flux density per unit
length in the 6′′–208′′ (= 2.8–96.1 kpc) region,
which suggests that the re-acceleration of the ra-
diating electrons and perhaps also magnetic field
regeneration could be occurring within the jet.
(iv) The characteristic feature of radio tail is the sharp
bend toward the north at 3.′5 from the position of
the host galaxy; the bent tail and beyond region
is inclined by ∼70◦ with respect to the radio-tail
direction. It seems that projection effects are im-
portant in the radio jets because the host galaxy
does not seem to be moving perpendicular to the
projected trailing jets.
(v) The radio spectra show progressive spectral steep-
ening as a function of distance from the radio head
due to synchrotron cooling. The high-frequency
(325–610 MHz) spectra are marginally flatter than
the low-frequency (150–240 MHz) spectra until the
ridge, i.e., in the inner, intermediate, and outer
flaring regions. Once the radio jet flares, the bent
tail and beyond region, these spectral features are
indistinguishable.
(vi) Our improved transverse resolution in the 250–500
MHz band data for the inner, the intermediate, and
the outer flaring regions clearly show presence of a
steep spectrum sheath enveloping a flat spectrum
spine in the in-band spectral index image (Fig-
ure 3), hinting at a transverse velocity structure
with a fast spine surrounded by a slower sheath
layer. Our results favor entrainment across the
boundary layer as the origin of the mass loading of
the jets (see also, 3C31; Laing & Bridle 2002a,b).
(vii) We have detected flaring of a straight, collimated
radio jet as it crosses a surface brightness edge seen
in the Chandra X-ray image (Figure 6). At the flar-
ing point is a surface brightness edge at which the
jet collimation, emissivity, and possibly the veloc-
ity change abruptly, which is a general property
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of FR I jets (Laing et al. 1999). This sudden tran-
sition represents the onset of turbulence (Bicknell
1984) or in other words, the point at which Kelvin-
Helmholtz instabilities start to grow nonlinearly
(Rosen & Hardee 2000; Loken et al. 1995).
(viii) The physical conditions in the jets and along the
tails are obtained. The minimum internal nonther-
mal pressure is smaller than the external thermal
pressure. This suggests that there is present a
significant quantity of thermal plasma within the
radio-emitting regions.
Our key results favor (i) entrainment across the bound-
ary layer, (ii) occurrence of re-acceleration of the syn-
chrotron electrons and perhaps also regeneration of the
magnetic field within the radio jet, and (iii) flaring of
a straight, collimated radio jet as it crosses a surface
brightness edge due to Kelvin-Helmholtz instabilities.
Therefore, it will be fruitful to determine the origin and
distribution of the slow-moving (sheath layer) material
with respect to (spine) material, and the extent to which
these regions of FR I jets resemble the larger-scale jets in
FR II sources. The next step is to seek further evidence
for the entrainment process, such as the reduced polar-
ization near the boundaries of the flaring regions using
polarization data (e.g., NGC6251; Laing & Bridle 2014),
which could also shed light on re-acceleration of the syn-
chrotron electrons and the regeneration of the magnetic
field in the radio jets. Radio jets in a number of FR I
sources have been detected at X-ray and/or optical wave-
lengths. The radiation is most plausibly produced by the
synchrotron process over the entire observed frequency
range, and the shape of the spectrum, therefore, carries
information about particle acceleration and energy loss.
It will be important to incorporate our uGMRT results
into descriptions of these processes for improved models.
It will be equally important to observe FR I radio sources
in galaxy clusters over a broad range of low frequencies
to study in detail the flaring of a collimated radio jet
as it crosses a surface brightness edge (usually seen in
X-ray images), which are indicators of Kelvin-Helmholtz
instabilities.
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